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Abstract 
A new purification procedure exploiting the simultaneous presence of a solid, liquid, 
and gas phase in a low surface area system is proposed and discussed. The assumptions of 
vanishingly low diffusion coefficients in the solid phase and that of the presence of a single 
“effective impurity” allow to plan the sequence of operations starting from the knowledge 
of just the melting and boiling points of the substance to be purified and of those of the 
“effective impurity”. Examples and results are presented. 
 
1. Introduction 
A chemical compound [1] can be said to have an acceptable purity when the measured 
values of the properties of interest are unchanged by further treatment [2]. A purification 
procedure can be defined as the separation of the last, small percentage of impurities from 
an already rather pure compound. Such procedures frequently use as a relevant step the 
near-equilibrium transfer of material [3] between two phases, one of which is a liquid. 
Then the two phases in (near) equilibrium are liquid-solid (LS) in crystallization from a 
solution or from a melt, liquid-gas (LG) in distillation. 
In the following I point out that operating without added solvent (a possible further 
“impurity” or even a reactant) but in the presence of a third phase substantially facilitates 
the separation of the impurities, in absence of information about the LS and LG phase 
equilibria of the substance to be purified (C) and its impurities (note: plural, hence an 
impure substance thermodynamically is a multicomponent system). 
The best strategy would be the repetition of the process exploiting the equilibrium 
between two phases which gives the best separation, but we do not know whether it is the 
crystallization or the distillation. Further, the unknown but existent phase diagrams of the 
multicomponent system is generally different with different impurities.The optimum 
strategy in case of ignorance is diversification, which in the present occurrence means the 
exploitation of both equilibria, because the parameters governing the LS and LG equilibria 
are generally different, and an unfavorable separation using for example LG may be 
favorable using LS.  
The procedure was designed as a one-pot manipulation on the semimicro scale, and 
used with noncommercial substances, liquids of rather high vapor pressure at room 
temperature. But its lack of further requirements should make it useful also in other cases. 
By using the method proposed, the only interactions to which the sample is subjected are 
the weak and easily controlled thermal ones, at temperatures equal or lower than that of the 
highest melting point of the wanted substance and of the impurities. Since no adsorption to 
surfaces nor mixing with further compounds is required, the time-consuming selection and 
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possibly risky use of a suitable adsorbant or solvent are avoided. Also, the area of the 
apparatus-condensed phase interfaces are small, so that the loss of substances by adhesion 
is minimized. The method should be advantageous over the commonly used 
chromatographic methods for instance when the purification should be fast, or the 
substance of interest is labile, scarce, or interacting unpredictably with adsorbents or 
solvents, as often occurs with fluoroderivatives. 
The method also allows to recover a substantially higher quantity of a volatile solute by 
evaporation of its solution in a volatile solvent. 
 
The procedure proposed is not recommended when the solute and/or the solvent have 
low vapor pressure, and when the compound to be purified and the impurity are 
enantiomers. It is unsuitable to the separation of several components of a mixture and 
when the solid phase has density lower than the liquid phase. 
 
2. Experimental 
2.1. Materials.1-fluoro-2-methoxy-3,3,4,4-tetrafluorocyclobutene (MFC, melting point –
42°, boiling point 39°C at 114 Torr, 87° at 750 Torr [4] and 1,2-dimethoxy-3,3,4,4-
tetrafluorocyclobutene (DMFC, melting point –5.3, boiling point 36.8° at 11.3 Torr, 47°C 
at 15 Torr , 142° at 750 Torr [5] were prepared as reported in the literature [6], and their 
identity checked by melting and boiling points, IR and mass spectrometries. The distilled 
products contained some percent of impurities, and were purified using the method 
described and discussed below, attaining a purity over 99% for both compounds. 
2.2. Purity evaluations were carried out by measuring the area or the height at maxima of 
sufficiently isolated, characteristic IR absorbances of both the wanted product and 
impurity. In the cases considered in Sections 2.3 and 2.4 the only relevant impurity of 
MFC was DMFC, and of DMFC was MFC, hence the quantitative analysis was 
particularly reliable. The spectra were measured by means of a Bruker IFS66v/S 
spectrometer operating in vacuum, Globar source, DLATGS detector, apodization function 
3-term Blackman-Harris; the samples were liquid films about 10 µ thick between ZnSe 
plates in a vacuum-tight cell [7]. 
2.3. Purification of DMFC, which initially contained about 3% of impurities, mainly as 
MFC, is an example of case a) discussed in 3.2 and detailed in 3.3 below. 
The sample of about 0.8 mL was introduced into tube A (Schott GL 14 screwtube, made 
vacuum-tight by a polychloroprene O-ring) of the apparatus outlined in Fig.2, slowly 
frozen in the vapors of liquid nitrogen (with the bottom at suitable height from the liquid 
surface to adjust the heat transmission rate), degassed under vacuum and brought again to 
room temperature. Next the slow crystallization of about one half of the sample was 
carried out by the same technique. Then the bottom of tube B was cooled in liquid 
nitrogen, causing the slow distillation of only the liquid phase which was the upper layer in 
A. The distillation was continued until about 0.1 mL condensed, then the apparatus was 
brought to atmospheric pressure by nitrogen, and the distillate removed. The procedure 
was immediately repeated, and finished in about 30 minutes. 
2.4. Purification of MFC, which initially contained about 2% of impurities, mainly as 
DMFC, is an example of case d) discussed in 3.2 and detailed in 3.3 below. 
The time required for a sample of the same size as that of DMFC just reported was over 
one hour, due to the LS equilibrium temperature substantially lower than previously, and 
evidently lower vapor pressure. 
2.5. Isolation of 1,2-dichlorocyclobuten-3,4-dione (C4O2Cl2) from its solution in CCl4 [8]. 
A new preparation of C4O2Cl2 gives the product as a solution in CCl4 (B.Lunelli, “New, 
optimized preparation of 1,2-dichlorocyclobuten-3,4-dione [C4O2Cl2] from squaric acid 
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and oxalyl chloride”, submitted). This solvent has an ebullioscopic constant [9] of 5.26 kg 
K mol–1, so that, in spite of the substantially lower vapor pressure of the solute (0.3 Torr at 
20°C versus 90 Torr of CCl4), evaporation of the solution results in an appreciable transfer 
of the solute into the distillate. Such a loss can be reduced to about one tenth by 
evaporation of the solution at a temperature which allowed the crystallization of most of 
the solute from its solution. 
 
3. Results and Discussion 
3.1. Results. The proposed one-pot process allows fast and good purification of volatile 
substances while reducing to a minimum the loss of sample remaining adherent to the glass 
surfaces. The last feature contrasts with distillation using fractionating columns, where a 
large, wetted solid-liquid surface area is necessary for the LG equilibria, and with repeated 
crystallizations, where the change of container entails the loss of at least the liquid 
adherent to the wetted glass surface. 
 
3.2. Discussion. The initial system is schematized as a binary liquid system, comprising the 
compound to be purified (C) with mole fraction not far from one, and a single, fictitious 
“effective impurity” (M), which may also be the predominant impurity. I assume that the 
normal melting and boiling points of C, and at least approximately those of M, are known. 
Four cases are possible: 
a) C has the higher melting and the higher boiling point; 
b) C has the higher melting and the lower boiling point; 
c) C has the lower melting and the lower boiling point; 
d) C has the lower melting and the higher boiling point. 
Since the initial system consists of, or is prepared as an homogeneous liquid, the 
properties of C and M should not be very different, otherwise it would have been easy to 
separate them. Then it appears reasonable to make the simplifying and generalizing 
assumption that C and M do not make addition compounds, but solutions, both in the 
liquid and the solid state (solid state solutions are less frequent, and less favorable to the 
purification [10]). Nor azeotropes in the LG equilibria, because sufficiently near to unit 
mole fraction there are no azeotropes [11]. Then the highest boiling point substance is 
considered to have the lowest vapor pressure at all temperatures. 
As a consequence of these assumptions the four cases listed above give the phase 
diagrams shown in Fig.1. 
Two further prerequisites to the procedure proposed are 
(i) in LS equilibrium the density of the solid is higher than that of the liquid [12] 
(ii) the coefficient of diffusion in the solid state is very low [13] and can be safely 
considered to be zero in the rather short time (10-30 minutes) taken by each step of the 
purification process. Therefore the LS equilibrium involves the entire liquid phase (where 
the relaxation of concentration inhomogeneities is driven by both diffusion and 
convection), but only the surface layer of the solid. Then the composition of the surface 
layer of the solid changes in time, while solidification progresses, but the composition of 
all the layers buried below the first layer remain fixed, giving a nonhomogeneous solid. 
The apparatus used is shown in Fig.2; the height h of the substance prior to purification 
should be not larger than three to four times the diameter of tubes A and B to avoid 
equilibration times unnecessarily long. Below we give the sequence of operations for each 
of the above defined cases, planned for a recovery of about 75% of the sample. Of course 
the fractions kept and discarded are only indicative, also for the difficulty of a precise 
control due to the small initial quantity of sample. To reduce to a minimum the losses of 
material, the transfer of liquids is best carried out using gastight syringes whose poly-
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tetrafluoroethylene piston tip wipes off the liquid layer adherent to the glass surfaces. If 
necessary the entire procedure is repeated. 
 
3.3. Sequence of operations for cases a-d 
a) If the initial composition of the liquid, which stays in bulb A of Fig.2, is that given by 
point L1 of Fig.1-a, the compositions of the solid layers progressively deposited by cooling 
on the bottom of the liquid stay in the range S1-S2, enriched of C with respect to the initial 
composition. The liquid in equilibrium with S2 has the composition L2, richer in M than 
L1. Now tube B is cooled to a temperature sufficient to condense the vapors, which are 
even richer in M than the liquid, whose composition correspondingly changes from L2 to 
L3. When the distillate is about 1/4 of the initial sample, the apparatus is opened to 
atmospheric pressure with nitrogen, and the distillate is discarded. The purified sample is 
all in A, amounts to about 75% of the initial quantity, and has a purity over 99%, evaluated 
as detailed in 2.2. 
b) The solid-liquid equilibria are the same as those of the previous case. But when the 
distillation is carried out, the distillate is richer in C, and is kept, together with the solid in 
A, while the liquid in A, whose composition changes from L2 to L3 in Fig.1-b, when 
attains an amount of about 1/4 of the initial sample, is discarded after opening the 
apparatus as before. 
c) The initial composition of the liquid is represented by L1 in Fig.1-c, and slow 
solidification of about 1/8 of the sample changes it to L2. Distillation is carried out to 
collect about 1/8 of the sample in B; then the apparatus is opened and the liquid in A is 
kept while the solid in A and the distillate in B are discarded.d) The solid-liquid equilibria 
are the same as that of case c). But distillation of about 3/4 of the original sample into B 
gives a distillate of composition changing from point V2 to V3 of Fig.1-d, better than the 
liquid in A. The fractions to discard, again 1/8 and 1/8 of the initial sample, are both the 
solid and the liquid in A, only the distillate in B is kept. 
 
case                      a                            b                              c                            d               
                                                                                                                                         
           S1        L1               S1        L1                                                                              
              S2         L2             S2          L2                   L1            S1                                   
LS        T                                                               L2             S2           L1               S1    
                                                                                                           L2          S2             
                                                                                                                                           
             1.0    xC         0.9     1.0    xC         0.9   1.0      xC       0.9   1.0           xC   0.9       
                                                                                                                                           
            T                                                                                                                             
              L3           V3                                       L3          V3                                             
LG               L2             V2     V3               L3      L2             V2                                       
                                           V2            L2                                         L2                V2         
                                                                                                      L3          V3                  
             1.0    xC         0.9     1.0    xC         0.9  1.0    xC         0.9     1.0    xC         0.9        
                                                                                                                                            
Fig.1. Solid-liquid (upper row) and liquid-vapor (lower row) phase diagrams for cases a-d 
indicated above. Filled circles indicate the initial composition, open circles delimit the 
compositions of the purified phases. 
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Fig.2. Scheme of the apparatus used. Filled circles represent O-rings. 
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